Introduction
Vascular smooth muscle cell proliferation and extracellular matrix production are important components of arterial remodeling in the vascular diseases of atherosclerosis, hypertension, and restenosis after percutaneous transluminal coronary angioplasty (PTCA). 1 Although the key molecules involved in these processes are not known, several vasoactive agonists including angiotensin II (AII) and ␣ -thrombin have been implicated. These G-protein-coupled receptor (GPCR) agonists are potent mitogens for rat aortic smooth muscle (RASM) cells in vitro (1) (2) (3) (4) (5) (6) and also induce extracellular matrix formation (7) (8) (9) (10) . AII acts by direct activation of the AII type 1 (AT 1 ) receptor (11) , whereas ␣ -thrombin binds to its receptor and by enzymatic cleavage, generates a new amino terminus tethered ligand that activates the receptor (for review see ref- erence 12) . Early intracellular signaling events in RASM cells in response to AII and ␣ -thrombin include increased levels of intracellular Ca 2 ϩ , phosphoinositide turnover and formation of diacylglycerol (13, 14) . AII and ␣ -thrombin also stimulate signaling events associated with cellular proliferation including protein tyrosine phosphorylation, activation of the Raf-1/mitogen-activated protein kinase pathway, and nuclear proto-oncogene expression (e.g., c-myc , c-fos , and c-jun , for review see references 15 and 16) .
Many of the mitogenic signaling events activated by AII and ␣ -thrombin are shared with growth factor agonists of tyrosine kinase receptors, including PDGF. However, the mitogenic responses to AII or ␣ -thrombin in vascular smooth muscle cells are delayed when compared with PDGF-BB (17, 18) . This delay may be because of the autocrine production of growth factors secreted from the RASM cells in response to the GPCR agonists, rather than a direct mitogenic effect of the GPCR agonists. In this regard, AII and ␣ -thrombin have been shown to stimulate the expression of PDGF-A chain (19-21), basic fibroblast growth factor (FGF) (22, 23) , IGF-1 (24) , and as yet unidentified mitogens (18) which may be responsible ultimately for the mitogenic effects of these GPCR agonists.
Smooth muscle cell proliferation in response to AII and ␣ -thrombin has been implicated in the pathology of post-PTCA restenosis in animal models. However, in various human clinical trials, angiotensin-converting enzyme (ACE) inhibitors or thrombin inhibitors have failed to demonstrate a decrease in post-PTCA restenosis (25, 26) . The therapeutic failures of these agents in treating restenosis may be a result of redundant signaling by other GPCR agonists, including endothelin-1 (3, 18) . Therefore, a rational approach for interven-tion in post-PTCA restenosis may be to inhibit the common autocrine factor(s) secreted from vascular smooth muscle cells in response to various GPCR agonists, rather than the individual agonists alone.
In previous studies characterizing the mitogenic factors secreted from RASM cells in response to AII or ␣ -thrombin, we have used neutralizing antibodies raised against basic FGF and PDGF and found that these growth factors do not significantly contribute to the secreted mitogenic activity (18) . In this report, we have identified a specific lot of polyclonal antibodies raised against purified human placental basic FGF that inhibited the mitogenic activity present in the conditioned media of RASM cells stimulated with either AII or ␣ -thrombin. In immunoblotting experiments of RASM cell-conditioned media samples performed under reducing conditions, these antibodies identified a 14-kD protein, distinct from basic FGF, which was purified and identified as activin A. In addition, we describe the mitogenic activity of activin A toward vascular smooth muscle cells and the regulation of activin A expression in vitro by vasoactive agonists and in vivo in response to carotid artery injury.
Methods
Cell culture. Primary RASM cells used in this study expressed smooth muscle ␣ -actin, AT 1 receptors, and osteopontin, all markers for the neointimal vascular smooth muscle phenotype (18, 27) . All cells were routinely screened for mycoplasma contamination before use. RASM cells were grown in DME supplemented with 4,500 mg/l D -glucose, L -glutamine and 25 mM Hepes containing 10% vol/vol FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were passaged at 80-90% confluence with 0.25% trypsin and were used between passages 12 and 20. For the collection of conditioned media for protein purification, cells were grown in 10-layer Cell Factories (Nunc, Inc., Naperville, IL) containing 1 liter of media. Swiss 3T3 mouse fibroblasts were obtained from American Type Culture Collection (Rockville, MD). Fibroblasts were maintained in DME plus 10% calf serum and antibiotics. FBS was obtained from Hyclone (Logan, UT). Transferrin and fibronectin were from Collaborative Biomedical Products (Bedford, MA). All other cell culture reagents were obtained from GIBCO-BRL (Gaithersburg, MD) unless otherwise specified.
Growth 2) and B contained acetonitrile/n-propanol/ H 2 O/acetic acid (78:10:10:2). Gradients were formed using a micro-HPLC system from Michrom BioResources (Auburn, CA). Mass spectrometry was conducted using a Finnigan MAT TSQ 7000 (San Jose, CA) equipped with an electrospray ionization source. The instrument was scanned from m/z 600-2,400 in 5 s using the first quadrupole in the profile data acquisition mode and positive ion detection.
Mitogenic and antibody neutralization assays. RASM cells (5 ϫ 10 4 cells per well) were plated on fibronectin coated 24-well Primaria (Becton Dickinson Labware, Lincoln Park, NJ) tissue culture plates. After 48 h, the cells were rinsed twice with PBS and rendered quiescent by incubating for 72 h in serum-free DME supplemented with 10 nM selenium sulfite, 5 g transferrin per milliliter, 100 U/ml penicillin, and 100 g/ml streptomycin (SF-DME). In some experiments, insulin (2 g/ml) was also included. The cells were then incubated for 24 h with either fresh SF-DME, 10% FBS, or conditioned media samples from AII or ␣ -thrombin stimulated RASM cells. [ 3 H]Thymidine (10 Ci/ml) was added for the last 6 h of the assay. In assays in which activin A and follistatin were incubated with RASM cells for 24 or 48 h, [ 3 H]thymidine was added at the beginning of the assay. For assays of recombinant activin A on fibroblasts, Swiss 3T3 cells were plated as described then serum-starved for 18 h in SF-DME supplemented with insulin (2 g/ml) and BSA (0.1%). Test factors were added and the cells were incubated for 16 h followed by pulse-labeling with [ 3 H]thymidine for an additional 6 h. [ 3 H]thymidine incorporation in all experiments was measured by liquid scintillation spectrometry after precipitation with ice-cold 5% wt/vol trichloroacetic acid and solubilization at 37 Њ C in 0.25 N NaOH. For antibody neutralization assays, conditioned media samples were pre-incubated with antibasic FGF antibodies (25 g/ml) at 37 Њ C for 1 h before adding to cells.
Collection of RASM cell conditioned media. Confluent cultures of RASM cells were growth arrested by incubation for 48 h in SF-DME. Cells were then either unstimulated or stimulated with 1 M AII, 10 nM ␣ -thrombin, 20 ng/ml PDGF-BB, or 200 nM PMA in SF-DME. The conditioned media was collected and aliquots were snap frozen and stored at Ϫ 80 Њ C. Before freezing, CHAPS was added to a final concentration of 0.1% to the conditioned media samples used for protein purification.
Purification of activin A from AII-stimulated RASM cell-conditioned media. Quiescent RASM cells were stimulated with AII in SF-DME without transferrin for 8 h and the conditioned media (20 liters) was collected. Aliquots were concentrated 20-fold using an Amicon stirred cell (Model 8400; Amicon, Inc., Beverly, MA) fitted with a YM10 membrane. Aliquots were pooled and the buffer was adjusted to 25 mM Tris-HCl, pH 7.8, containing 0.1% CHAPS by diafiltration. The sample was loaded onto a Macro-Prep High Q anion exchange column (Bio-Rad Laboratories, Hercules, CA) and the flow-through was collected. The flow-through was adjusted to 25 mM Tris-HCl, pH 8.7 plus 0.1% CHAPS by diafiltration and reapplied to the Macro-Prep High Q column equilibrated in the same buffer. The column was eluted with a linear gradient of 0-1 M NaCl in the equilibration buffer and fractions were monitored for proteins that were immunoreactive with the antibasic FGF antibody (AD921221). For amino acid sequence analysis, ‫ف‬ 400 picomol of the purified fraction was electrophoresed under nonreducing conditions on a 10-27% SDS-PAGE gel which was prerun with 100 mM sodium thioglycolate. The gel was stained with Coomassie Brilliant Blue R-250 and dried. The dried gel was submitted to the Microsequencing and Mass Spec-trometry Core Facility at the Beckman Research Institute of the City of Hope, Duarte, CA, for Edman sequence analysis after in-gel trypsin digestion.
SDS-PAGE and immunoblot analysis. Conditioned media samples from unstimulated or agonist stimulated RASM cells were concentrated using Centricon-10 concentrators (Amicon Inc.) and aliquots representing 1 ml of unconcentrated conditioned media were analyzed by SDS-PAGE and immunoblot analysis as described previously (28) . Gels run under nonreducing conditions were soaked in 5% mercaptoethanol in electrophoretic transfer buffer before electroblotting onto PVDF membranes (Immobilon; Millipore Corp., Bedford, MA). Immunoreactive proteins were visualized using [ 125 I]protein A, followed by autoradiography. RNA extraction and Northern blot analysis. Confluent cultures of RASM cells were made quiescent by incubation in SF-DME for 72 h and were stimulated with 1 M AII for various times. RNA was isolated from the cells using the Quick-Prep mRNA Purification Kit (Pharmacia LKB, Piscataway, NJ) according to the manufacturer's instructions. In carotid injury studies (see below), total RNA was obtained from whole rat carotids (five per treatment group) as described previously (29). Samples of either poly A ϩ RNA (2.5 g per lane) or total RNA (7.5 g per lane) were electrophoretically resolved in formaldehyde-denaturing gels and transferred to Nytran nylon membranes (Schleicher & Schuell, Inc., Keene, NH). The activin probe corresponded to the full-length coding region (30, 31) and was generated by reverse transcription-PCR (RT-PCR) using poly A ϩ RNA isolated from RASM cells stimulated with 1 M AII. The oligonucleotide 5 Ј -ATGCGAATTCCAGGATGCCCTTGCTTTGGC-TGAGA-3 Ј was used as the forward primer and the oligonucleotide 5 Ј -GCGCTCTAGAGACACCC-TAGATCCATTTGCT-3 Ј was used as the reverse primer. The resulting cDNA insert was subcloned into the plasmid pcDNA3 (Invitrogen, Carlsbad, CA) and verified by sequencing. For Northern analyses, the cDNA insert was excised from the plasmid using EcoRI and XbaI and [ 32 P]labeled by random priming using the Redi-Prime system (Amersham Corp., Arlington Heights, IL). Blots were hybridized overnight at 42 Њ C in 5 ϫ SSPE/50 mM Tris-HCl, pH 7.6/2 ϫ Denhardt's solution/40% formamide/10% dextran sulfate/1% SDS, and 100 mg/ml sheared herring testes DNA (1 ϫ SSPE ϭ 150 mM NaCl, 10 mM sodium phosphate, and 1 mM EDTA). After hybridization, blots were rinsed in 2 ϫ SSPE/0.1% SDS at 42 Њ C followed by 0.2 ϫ SSPE/0.1% SDS at 42 Њ C.
Rat carotid injury model. Normotensive male Sprague Dawley rats (Taconic Farms Inc., Germantown, NY), 11-12 wk of age (350-400 g) at the time of surgery, were handled in accordance with the guidelines of the Bristol-Myers Squibb Animal Care and Use Committee. On the day of surgery, rats were anesthetized intraperitoneally with ketamine hydrochloride (70-80 mg/kg) and xylazine hydrochloride (8-10 mg/kg) and the neck was prepared for aseptic surgery as described previously (32) . Briefly, the bifurcation of the common carotid artery was exposed and a 2F Fogarty arterial balloon catheter was inserted into the left external carotid artery, passed through the common carotid artery, and advanced into the aortic arch. The balloon was inflated and slowly pulled through the carotid artery to the bifurcation. The balloon was deflated and the procedure repeated three more times to insure complete removal of the endothelium. After the fourth pass, the left external carotid artery was ligated, the neck wound was closed, and the animals were allowed to recover on heating mats overnight before being returned to their cages. For RNA analysis, the animals were killed at either 6 h, 7 d, or 14 d after the balloon catheter injury, and the carotid arteries were perfused in situ with cold PBS, and the injured as well as contralateral uninjured carotid arteries were excised and snap frozen in liquid nitrogen.
Immunohistochemistry. Animals were necropsied at either 2, 4, 7, or 14 d after balloon injury. The carotid arteries were dissected and 7-m thick sections from each specimen were cut, deparaffinized, and rehydrated with distilled deionized water. Sections then were incubated with either a murine anti-smooth muscle ␣ -actin monoclonal antibody (BioGenex Labs, San Ramon, CA), or murine anti-activin ␤ A monoclonal antibody (Biodesign International, Kennebunk, ME) for 1 h. Nonimmune mouse serum and buffer controls were also run for each time point examined. The sections were incubated with a goat anti-mouse secondary antibody (BioGenex Labs) for 30 min. An alkaline phosphatase streptavidin-conjugated enzyme complex (BioGenex Labs), or a horseradish peroxidase streptavidin-conjugated enzyme complex (BioGenex Labs) was then applied to sections stained for ␣ -actin and activin A, respectively. Antismooth muscle ␣ -actin antibody staining was visualized using an alkaline phosphatase fast blue chromogen substrate (Zymed Labs, Inc., South San Francisco, CA). Antiactivin ␤ A antibody was identified using the horseradish peroxidase chromogen AEC (Biomeda Corp., Foster City, CA), yielding a red color. Slides were mounted with an aqueous mounting medium and overlaid with a glass coverslip. Double antibody detection was achieved by performing the ␣ -actin immunolabeling procedure before the activin A detection procedure. Since the ␣ -actin stained blue and the activin A stained red, colocalization of smooth muscle ␣ -actin and activin A produced a purple color.
Results
Neutralization of a mitogenic activity present in conditioned media samples obtained from either AII-or ␣ -thrombin-stimulated RASM cells using antibodies directed against purified placental basic FGF. In previous studies, we demonstrated that AII or ␣ -thrombin stimulation of quiescent RASM cells induced the secretion of a potent mitogenic activity within 3-6 h (17, 18) . In the present report, mitogenic conditioned media samples derived from cells stimulated with either AII or ␣ -thrombin were treated with polyclonal antibodies raised against chromatographically-purified basic FGF from human placenta, AD921221 (Fig. 1) . This specific antibody preparation blocked the mitogenic activity of RASM conditioned media when assayed on serum-starved RASM cells (Fig. 1) . This led to initial speculation that basic FGF might be responsible for the mitogenic activity secreted from RASM cells in response to AII and ␣ -thrombin. However, we confirmed that basic FGF was not the principal RASM cell-secreted mitogen since a different lot of the antibody, AD930826, raised against a similar antigen and obtained from the same supplier, demonstrated only a slight decrease in the mitogenic activity (Fig. 1) . Furthermore, in our previous studies, potent monoclonal basic FGF-neutralizing antibodies also failed to inhibit the mitogenic activity of conditioned media obtained from RASM cells stimulated with either ␣ -thrombin (Pawlowski, J.E., unpublished results) (18) or AII (17) . Taken together, these results exclude basic FGF as a significant secreted mitogen from the agonist-stimulated RASM cells.
Identification of an antibasic FGF AD921221 immunoreactive protein in conditioned media from AII-stimulated RASM cells. Conditioned media samples were obtained from quiescent RASM cells that were either untreated or stimulated with AII for 8 h. After concentration, the samples were analyzed by immunoblotting using antibasic FGF AD921221 antibodies. As shown in Fig. 2 , under reducing conditions a M r ϭ 14 kD protein was detected in conditioned media samples from AIIstimulated RASM cells that was not observed in the control conditioned media samples (Fig. 2, compare lanes 1 and 2 ) . Under nonreducing conditions this protein was resolved at M r ‫ف‬ 26 kD (Fig. 2, lane 5 ) . This protein was not identified by a different lot of antibasic FGF antibodies, AD930826 (data not shown), and was distinct from recombinant basic FGF which migrated at M r ‫ف‬ 18 kD in both reducing and nonreducing gels (Fig. 2, lanes 3 and 6) . In related experiments, we were unable to detect significant expression of this antibasic FGF AD921221 immunoreactive protein in conditioned media samples obtained from proliferating RASM cells or quiescent cells stimulated with FBS (data not shown).
Identification of the ␤A chain of inhibin (activin ␤A) in AIIstimulated RASM cell conditioned medium and confirmation of the dimer complex subunit composition by mass spectroscopy. Conditioned media samples from AII-stimulated RASM cells were concentrated and subjected to anion exchange chromatography. The antibasic FGF AD921221 immunoreactive fractions were purified to near homogeneity. Approximately 400 picomol of protein was electrophoresed under nonreducing conditions and the protein band corresponding to the immunoreactive protein was subjected to in-gel trypsin digestion. Recovered peptides were analyzed by Edman sequencing and yielded the sequences NH 3 -Tyr-Tyr-Asp-Asp-Gly-Gln-Asn-CO 2 H and NH 3 -Met-Leu-Tyr-Tyr-Asp-Asp-CO 2 H. A search of the Swiss-Prot database revealed that these peptides demonstrated 100% amino acid sequence identity with the ␤A subunit of inhibin. The inhibins are polypeptide dimers consisting of an ␣-subunit which is disulfide-linked to either a ␤A or ␤B subunit (for reviews see references 33 and 34). Activins, on the other hand, correspond to the related ␤ chain dimers. Thus, activin A, B, and AB, correspond to ␤A␤A-, ␤B␤B-homodimers, or ␤A␤B-heterodimers of inhibin, respectively. The purified protein was determined to be one of the subtypes of activin, since the mo- lecular weight of the nonreduced protein was consistent with that of the ␤ chain dimers (M r ‫ف‬ 26 kD) and not with ␣␤ heterodimers (M r ‫ف‬ 32 kD). Electrospray ionization mass spectroscopy was used to confirm the subunit composition of the nonreduced protein and determined the molecular mass of the nonreduced protein to be 25,932Ϯ2 D, identical to that predicted for activin A (␤A␤A homodimer, data not shown).
Induction of activin A expression in RASM cells by the GPCR agonists AII and ␣-thrombin.
A monoclonal antibody generated against an activin/inhibin ␤A chain peptide was used to confirm that activin A protein expression was induced in RASM cells by various agonists. Conditioned media samples, obtained from quiescent cells as well as cultures treated for 8 h with AII, ␣-thrombin, PDGF-BB, or PMA, were analyzed by immunoblotting. Consistent with our previous results (above), we observed no significant expression of the 14 kD activin A protein in unstimulated RASM cells (Fig. 3 A) . In contrast, marked increases in RASM cell-secreted activin A protein were observed in response to the GPCR agonists AII and ␣-thrombin, whereas PDGF-BB, a tyrosine kinase receptor agonist, stimulated only a modest increase in activin A expression (Fig. 3 A) . Furthermore, in separate experiments, activin A expression was induced by PMA (Fig. 3 B) , suggesting that the GPCR agonists stimulate activin A expression through a protein kinase C-dependent mechanism.
Increased expression of activin ␤A subunit mRNA in AIIstimulated RASM cells. Enhanced expression of activin A from RASM cells after AII exposure could be a result of either increased levels of mRNA translation or proteolytic processing of the prepro form of activin A to its mature form. To determine whether AII stimulated increased levels of activin ␤A mRNA, poly A ϩ mRNA was isolated from RASM cells treated with AII (1 M). Northern blot analysis using the fulllength coding region of activin ␤A cDNA demonstrated an increased level of activin ␤A mRNA within 3 h of AII stimulation, which peaked at ‫ف‬ 6 h after treatment and returned to basal levels by 18 to 24 h (Fig. 4) . Although the effects of AII on protein translation and posttranslational processing have not been investigated, these results indicate that AII significantly increases the mRNA levels of activin ␤A in RASM cells.
Activin ␤A subunit mRNA is upregulated in the rat carotid injury model. Activin ␤A subunit mRNA expression was also evaluated after vascular injury in vivo. In these experiments, mRNA was isolated from either control or balloon-injured rat carotid arteries and subjected to Northern blot analysis using a cDNA probe corresponding to the full-length activin ␤A coding region. Low levels of activin mRNA were observed in the uninjured arteries. In contrast, the injured arteries demonstrated a significant increase in activin mRNA 6 h after injury (Fig. 5) . No evidence of increased activin ␤A subunit mRNA expression was seen in the injured carotid arteries after 3 or 6 d after injury.
Activin A protein expression in balloon-injured rat carotid arteries. Antibodies directed against either smooth muscle cell ␣-actin or activin ␤A chain were used to identify smooth muscle cells and activin A protein expression in control and balloon-injured rat carotid arteries. In uninjured control arteries, ␣-actin positive medial cells expressed low levels of activin A which was also faintly identified in adventitial layers (Fig. 6, A  and B) . In contrast, after injury, activin A expression was markedly upregulated. For example, at 2 and 4 d after injury, increased staining of activin A was observed in both the media and adventitia, as well as the slowly accumulating intimal smooth muscle cells (data not shown). 7 d after injury, increased amounts of activin A were observed in the adventitia as well as in the smooth muscle cells of the media and neointima (data not shown). By 14 d, activin A staining was most pronounced in neointimal smooth muscle cells, while its staining in the adventitia and media had diminished (Fig. 6 C) . By comparison, smooth muscle cell ␣-actin characteristically was detected in both medial and neointimal cells (Fig. 6 D) . Double immunostaining with anti-activin A (red) and anti-␣-actin (blue) antibodies revealed many cells that contained both antigens (purple), confirming that neointimal and medial smooth muscle cells simultaneously expressed ␣-actin and activin A (Fig. 6 E) . We observed no staining when a normal mouse serum was used as a control (Fig. 6 F) .
Activin A potentiates the mitogenic activity of EGF in RASM cells. The mitogenic effects of recombinant activin A were evaluated in quiescent RASM cells. As shown in Fig. 7 Additional experiments were performed to evaluate the effects of activin A in combination with other known mitogens. In these studies, quiescent RASM cells were stimulated with increasing concentrations of PDGF-BB, basic FGF, or EGF in the absence or presence of activin A (20 ng/ml). As shown in Fig. 7 B, activin A markedly potentiated the mitogenic activity of EGF (two-to fourfold) at each concentration tested, in comparison to the effects of EGF alone. In contrast, activin A did not enhance thymidine incorporation induced by either PDGF-BB or basic FGF (data not shown). The comitogenic effect of activin A with EGF was concentration dependent (Fig. 7 C) with maximal activity observed at ‫ف‬ 30 ng/ml (1.2 nM). Activin A also increased the mitogenic effects of HB-EGF on RASM cells (two-to fourfold, data not shown). Similar results also were observed in studies of Swiss 3T3 fibroblasts stimulated with EGF and activin A (data not shown). For example, in these experiments EGF (10 ng/ml) induced a maximal increase in thymidine incorporation in the Swiss 3T3 cells that was approximately fourfold above control level. If activin A (20 ng/ml) was added along with EGF this response was increased to ninefold above controls, despite the fact that activin A itself was only weakly mitogenic when added alone (two-to threefold maximal increase in thymidine incorporation).
Discussion
In previous studies we have employed various immunological and functional methods in an attempt to identify discrete mitogenic factors secreted from vascular smooth muscle cells stimulated with the GPCR agonists AII and ␣-thrombin (17, 18) . Our results indicated that several known growth factors, including acidic FGF, basic FGF, PDGF, IGF-1, EGF, and TGF-␤, did not contribute significantly to the strong mitogenic activity observed in conditioned media samples obtained from stimulated RASM cells. In this report, we have identified specific polyclonal antibodies, raised against chromatographicallypurified human placental basic FGF, which substantially reduced the strong mitogenic activity of conditioned media from RASM cells treated with AII or ␣-thrombin. Subsequently, these antibodies identified activin A, a member of the TGF-␤ superfamily of polypeptide growth factors, as a distinct protein secreted from GPCR agonist-stimulated RASM cells. Since the amino acid sequences of activin A and basic FGF share little homology, a question arises as to the source of anti-activin immunoreactivity in the basic FGF antiserum. In this regard, activin A is known to be highly expressed in placenta (35) . Thus, it is possible that some of the protein may have copurified with placental basic FGF during antigen preparation and was included as an unintentional immunogen in the preparation of the basic FGF-neutralizing antibodies.
In addition to increased expression observed in quiescent RASM cells in response to GPCR agonists in vitro, intimal activin A protein content was found to be markedly upregulated after rat arterial injury in vivo. These data reinforce previous studies that have identified activin A expression in arterioscle- rotic lesions from hyperlipidemic rabbits (36) and in the medial layer of human coronary artery samples (37) . Taken together, these results imply that activin A plays an important role in the response to vascular injury and accompanying neointimal formation. In addition, these data strongly support the GPCR agonist-stimulated RASM cell system as a relevant model for neointimal proliferation after vascular injury.
Activin exists as disulfide-linked homodimers or het- erodimers of the inhibin ␤A and/or ␤B polypeptide chains respectively (33, 34) . These proteins were originally identified by their ability to stimulate the secretion of follicle stimulating hormone from anterior pituitary cells. Activin A also interacts with other cell types, for example, it has been identified as an erythroid differentiation factor (38) , and a potent inducer of mesoderm in Xenopus laevis (39, 40) . The mitogenic properties of activin A have also been described for cultured vascular smooth muscle cells (41) as well as fibroblasts (42) . Activin A has been shown to induce DNA synthesis in porcine thyroid cells (43) , MC3T3-E1 osteoblasts (44) , and preleptotene spermatocytes (45). In this study we found that activin A, although only weakly mitogenic when added alone to RASM cells, significantly potentiated the levels of DNA synthesis stimulated by EGF or HB-EGF. Although the exact mechanism for this effect awaits further investigation, it could be due to induction of EGF receptor expression. Furthermore, since EGF (46, 47) and HB-EGF (48, 49) have been implicated previously in vascular remodeling that accompanies atherogenesis and/or sustained hypertension, our results support a modulatory role for activin A in these processes. Additional biological effects of activin in the injured artery wall also are possible. For example, activin A has been shown to increase monocyte migration (50) , as well as induce apoptosis in certain myeloma cell lines (51) . Recent studies have also demonstrated that activin inhibits the growth of rat thymocytes (52), hepatocytes (53), and human or bovine endothelial cells (54) . Thus, after vascular injury, activin A secreted from vascular smooth muscle cells might act upon adventitial fibroblasts, smooth muscle cells, and/or monocytes to coordinate arterial repair. Furthermore, since activin A inhibits proliferation of vascular endothelial cells, it is possible that excessive activin expression in artery wall may delay re-endothelialization at the site of vascular injury. Additionally, activin A may be involved in the stimulation of vascular smooth muscle cell apoptosis reported after vascular injury (55, 56) .
The TGF-␤ superfamily is comprised of potent growth factors implicated previously in vascular diseases (57, 58) . For example, a recent study demonstrated that neutralizing antibodies directed against recombinant TGF-␤ 1 could suppress neointimal formation in the rat carotid-injury model (59) . Additionally, other TGF-␤ isoforms are well-characterized stimuli for extracellular matrix proteins in connective tissue cells (60) (61) (62) . Thus, the functions of activin A in vascular injury may include the direct and indirect stimulation of tissue remodeling. In support of this concept, recent studies have identified increased activin A expression in interstitial pulmonary fibrotic lesions (63) and skin wounds (64) . These findings indicate that activin A may be important in both vascular and superficial wound repair. However, additional studies using activin A neutralizing antibodies will be required to determine the full spectrum of cellular events elicited by activin A in the vasculature and its role in vascular injury. 
